Abstract. Vinyl functionalized poly (ε-caprolactone) with molar mass ranging from 500-5000 Da were synthesized by ring opening polymerization and further photopolymerized. One-step synthesis and functionalization is achieved based on ring opening polymerization (ROP). Hydroxyl butyl vinyl ether (HBVE) was employed to play the role as the initiator of ROP, and photo-curable functional group. The presence of CH2=CH peak in Fourier Transform Infrared (FTIR) spectra confirmed that vinyl end groups were successfully attached to poly (ε-caprolactone) (PCL) macromolecule. Kinetic parameters of cationic photopolymerization of vinyl functionalized PCL were investigated. The activation energy was estimated at 11.33 kJ/mol, by assuming the cationic system followed second-order autocatalytic model.
Introduction
Aliphatic polyesters, such as Polyglycolide (PGA), Polylactide (PLA), Poly (ε-caprolactone) (PCL) and their copolymers have received great interest in biomedical applications due to their good biocompatibility [1] and bioabsorbability. They degrade mainly by hydrolysis of ester linkages, yield hydroxyl carboxylic acids, which in most cases are ultimately metabolized [2] . The functionalization of oligomers such as ε-caprolactone, with unsaturated groups and subsequent Ultraviolet (UV) curing [3, 4] or polymerization [5, 6] has been studied. Especially, UV curing is interesting since it usually provides fast, well-controlled and low energy consumption process, capable of forming thin films or predefined patterns, and can be carried out at low temperatures [7] . Our research focuses on the development of novel controlled drug release system based on mono-functionalized polyesters/ copolyesters and successive cationic UV grafting to yield fully or partially bioabsorbable therapeutic multilayered surface coatings, with variable rate of degradation. If this polyester/ copolyester is multifunctionalized, consequent UV crosslinking can yield fully bioabsorbable polymeric network, which is suitable for biomedical applications such as tissue engineering scaffolds, cell encapsulations and short term drug delivery vehicles. To prepare polymers with variable rates of degradation, most studies have focused on copolymerization [8] [9] [10] [11] . Copolymerization allows blending of two or more polymers, in order to achieve variable degradation patterns. In-depth research of degradation behaviors of the copolymers in different compositions and prolonged synthesis procedure are expected. It could be more convenient, if the vari-able rate of degradation is obtained by formation of multilayered polymeric coatings, by rapid and wellcontrolled UV curing. Photo-curable functional groups, such as methacrylates have been used most often as unsaturated group attached on precursor oligomers [4] [5] [6] . Functionalization with coumarin and phenylazide has been reported as well [12, 13] . In these cases, free radical photopolymerization was employed. When cured radically, these photoreactive functions are subjected to oxygen and impurities inhibition, which could lead to incomplete conversion. Immune inflammation reaction was reported to be related to the leach out of monomers or unreacted oligomers from polymeric implants. Another anticipated risk of acrylates is a higher level of skin sensitization as compared to most vinyl ethers [14] . In addition, the synthesis of acrylates, coumarin and phenylazide functionalized precursor oligomers usually involved two-steps reaction: precursor oligomers synthesis and subsequent functionalization. Longer preparation time and tedious purification are expected.
To overcome these problems, we are investigating an alternative UV curing method -cationic photopolymerization, where mono-functionalized oligocaprolactone was used as precursor oligomers. The main advantage of cationic photopolymerization is that it is not inhibited by oxygen and capable of 'dark curing'. Synthesis and functionalization can be achieved in one step, by using ROP. HBVE was employed to play the role as the initiator of ROP, and photo-curable functional group. Most vinyl ethers are expected to have a lower level of skin sensitization as compared to acrylates. In this study, we report the feasibility to photopolymerize precursor oligomers. The kinetics of cationic photopolymerization of HBVE functionalized PCL (vinyl-PCL) will be discussed.
Materials and methods

Materials
Epsilon-caprolactone monomer (99%) was purchased from Fluka, Singapore and used without further purification. The initiator 4-hydroxybutyl vinyl ether (stabilized with 0.01% KOH) (HBVE) was obtained from BASF, Canada. Tin (II) 2-ethylhexanoate (SnOct 2 ) was purchased from Sigma, Singapore. Toluene was purified by distillation.
Chloroform, methanol and dimethyl sulfoxide (DMSO) were of analytical grade and used as received. The photoinitiator: bis [4(diphenylsulfonio)-phenyl] sulfide-bis-hexafluoroantimonate 50% solution in propylene carbonate supplied as Cyracure ® UVI 6976 by Union Carbide (USA) was used without further purification.
ROP and functionalization of vinyl-PCL
To functionalize PCL of 2000 g/mol, 5 mmol of HBVE as initiator, 0.5 mmol of SnOct 2 as catalyst and 25 ml of freshly distilled toluene were charged into a 50 ml three neck flask. The flask was evacuated by vacuum, and purged with nitrogen before being placed into an oil bath, at 80°C. After 30 minutes, 10 g of ε-caprolactone monomer was charged into the reaction flask. The reaction was kept at 110°C for 24 h. The crude products were dissolved in chloroform and precipitated in a fourfold excess of methanol. The polymer was dried at 40°C under vacuum for 24 h.
Measurements
The molar weights (number average molar weight M n and weight average molar weight M w ) and polydispersity index (PDI) were determined by Size Exclusion Chromatograph (SEC) (Agilent GPC 1100 series), using monodisperse polystyrene standard for calibration. Measurements were made at room temperature with chloroform as solvent (1 ml: 1 mg). Matrix Assisted Laser Desorption/ Ionization-Time Of Flight (MALDI-TOF) mass spectrometry was performed on Shimadzu Biotech (Axima-ToF 2 ) in linear mode. MALDI-TOF massspectra were acquired by averaging at least 100 laser shots. 2,5-dihydroxyl benzoic acid was used as matrix and tetrahydrofuran as solvent. Sodium chloride was dissolved in methanol and used as the ionizing agent. Samples were prepared by mixing 20 µl of polymer solution in tetrahydrofuran (2 mg/ml) with 20 µl of matrix solution (10 mg/ml) and 1 µl of a solution of ionizing agent (1 mg/ml). Then 1 ml of these mixtures was deposited on a target plate and allowed to dry in air at room temperature. Calibration was made with polyethylene glycol 10 kDalton. Nuclear magnetic resonances based on proton ( 1 H NMR) spectra were recorded in CDCl 3 on a Bruker 400 MHz Spectrometer.
Glass and melt transition temperatures were determined by Differential Scanning Calorimetry (TA Instruments Q10-0095). The measurements were carried out from -90 to 120°C at heating rate of 10°C/min. Functional end groups were determined by Fourier Transform Infrared Spectroscopy (FTIR) (Perkin Elmer FTIR Spectrum GX spectrometer), using powdered potassium bromide (KBr) as matrix.
Photopolymerization of vinyl-PCL
Differential Scanning PhotoCalorimetry (DPC) (TA Instruments MDSC-2920 equipped with a photocalorimetric accessory) was used to investigate the kinetics of cationic photopolymerization of vinyl group present in monofunctional PCL 0.5, 2 and 5 kDa. Pulverized vinyl-PCL was dissolved in two solvents; non-photoreactive DMSO and photoreactive HBVE respectively. The composition is tabulated in Table 1 . The initiation light source was a 200 W high-pressure mercury lamp, which gave a UV light intensity over wavelength range of 200-440 nm. 3.0 mg of samples were placed in aluminum standard pans covered with a disc of polyethyleneterephthalate (PET) foil to maintain equal distribution of solution layer under investigation. The samples were exposed to UV light of intensity in the range of 25 mW/cm 2 , for 5 minutes. Also, samples were subjected to 1 minute isothermal treatment prior to and after the UV exposure, to ensure constant temperature. A nitrogen flux of 50 cm 3 /min assured homogeneity of temperature in the measuring cell.
Calculations
The degree of conversion (α) can be obtained from the DPC exotherm as shown in Equation (1): (1) and the theoretical enthalpy at full conversion of vinyl double bonds (ΔH 0 ) is determined by Equation (2): (2) where f is the functionality; ΔH Tf is the theoretical enthalpy of vinyl ether function, 14.3 kcal/mol [15] and m is the molar weight of each macromolecule. List of theoretical enthalpy used in this study is calculated using Equation (2) and tabulated in Table 2 . As an example for the HBVE functionalized PCL (M n 2000 Da) in DMSO solution (80/20), the theoretical enthalpy is given by Equation (3): (3) The autocatalytic model as shown in Equation (4) was used to calculate the kinetic parameters. Autocatalytic model assumes that in a curing process, the measured heat flow is proportional to the conversion rate (dα/dt). This assumption is valid if the testing material exhibiting single reaction without any other enthalpic events, such as evaporation of solvent or significant changes in heat capacity with conversion [16] (Equation (4)): (4) where dα/dt, the reaction rate [min -1 ]; α, the fractional conversion after time t; k (T) , temperature dependent rate coefficient [min -1 ]; n, m, reaction orders of propagation and initiation respectively. Second-order autocatalytic model was assumed by fixing (m + n = 2).Temperature dependent rate coefficient k (T) is assumed to follow the Arrhenius equation (Equation (5)): (5) where E a is the activation energy, A is the frequency factor, R is the ideal gas constant and T is the absolute temperature [K].
Results and discussion
In the preliminary experiments, we functionalized PCL by using HBVE in the presence of SnOct 2 .
The resulting vinyl-PCL was characterized by its molar weights, functional end groups and transition temperatures, using several techniques including SEC, MALDI-TOF, FTIR and Differential Scanning Calorimetry (DSC). Linearly grafted polymer was obtained by photopolymerization of vinyl-PCL under UV exposure.
ROP and functionalization of vinyl-PCL
ROP of cyclic ester makes it possible to prepare polyesters with defined molar weights, low polydispersity index, and functionalized end groups, due to the absence or very limited side reactions and by products [2] . To enable photo curing of PCL, monofunctional vinyl ether, in this case is HBVE, was incorporated into each PCL chain. Targeted molar weight was calculated using Equation (6):
where DP is the degree of polymerization, [18, 19] are shown in Figure 2 . PCL with wide range of molar weights ranging from 0.5-40 kDa were successfully synthesized but only low molar weights PCL (0.5, 2 and 5 kDa) were used for further photo grafting. In this study, we defined low molar weight PCL as oligomer hav- [19] . SnOct 2 is well known for causing transesterification reactions at elevated temperatures [2] . For PCL 5 kDa, only MALDI spectra for low molar mass fraction were detected because of high PDI. Sometimes, the MALDI results are completely out of range for polymer with high PDI [20] .
End group analysis by FTIR
It is known that vinyl ether is a function involved in cationic photopolymerization. From Figure 3 , the low intensity peak at 1618 cm -1 corresponds to the vibration of the vinyl CH 2 =CH double bonds, and the strong peak at 1725 cm -1 indicates vibration of abundant C=O ester bonds in PCL. This result shows that the vinyl group is successfully linked to PCL after ring opening polymerization.
Photopolymerization of vinyl-PCL
Before photopolymerization, two sets of samples were prepared by dissolving vinyl-PCL in DMSO and HBVE respectively. Upon UV exposure, polymerization of double bonds leads to formation of linearly grafted vinyl-PCL as shown in Figure 4 and Figure 5 . 
Photopolymerization in non-photo reactive solvent (DMSO)
Photocuring of the vinyl-PCL in DMSO in presence of cationic photoinitiator (Cyracure ® UVI 6976) has been performed. Figure 6 shows typical DPC exotherm plot of PCL 2 kDa photopolymerized in non-reactive solvent (DMSO), initiated by UVI 6976. The total area under the curve corresponds to the polymerization enthalpy (ΔH exp ) of the sample. Broad peak is obtained indicating low reactivity of the photopolymerization system. Low reactivity of the system is further presented by long induction time and low rate coefficients (k), as compared to HBVE system. It is in fact reasonable since the photo reactive species (vinyl double bonds) is only a small portion in a long macromer. From the plot of heat flow over time, one can obtain information such as induction time (time of 1% monomer conversion), polymerization enthalpy, percentage of conversion and reaction rate coefficient (k), as shown in Table 4 . Conversion was calculated from Equation (1) . Average conversions range from 73-97% within 5 minutes of UV exposure.
On the other hand, note that cationic photopolymerization continues curing long after exposure once initiated [21, 22] . This is termed as 'dark curing'. Therefore, conversion of vinyl double bonds is expected to continue further until complete conversion after exposure. In addition, cationic photopolymerization is not inhibited by traces of oxygen in the air or radical impurities but inhibiting and retarding effects or chain transfer reactions were observed with bases, water, alcohols [23] . In cationic polymerization, the reaction rate coefficient (k) is affected by the nature of counter ion [24] . Lazauskaité and coworkers have examined the kinetic parameters of cationic photopolymerization of epoxies monomer initiated by photoinitiator having the same counter ions in this study [25] . At 60°C, both k values are consistent with each other. The reaction rate coefficient (k) is assumed to follow Arrhenius equation (Equation (4)). An estimation of activation energy (E a ) was obtained as 11. tion energy indicates a higher reactivity system. But, vinyl-PCL oligomeric system could not be more easily polymerized than the vinyl ether monomer. Unlike monomeric system studied by Lazauskaité, oligomeric system has lower diffusivity of active centers than monomeric system, it is necessary to take into account the diffusion controlled reaction. According to Rabinowitch [26] the overall reaction rate coefficient, ke, can be expressed as Equation (7):
where k chem is the chemically controlled and k diff is the diffusion controlled rate coefficient, and k chem follows an Arrhenius temperature dependence. System with low diffusivity can decrease the overall rate coefficient significantly, and thus affect temperature dependence, resulting in low activation energy estimation.
Photopolymerization in photoreactive solvent (HBVE)
Photocuring of the vinyl-PCL in HBVE in presence of cationic photoinitiator (Cyracure ® UVI 6976) has been performed. Photopolymerization in HBVE follows the reaction scheme presented in Figure 5 . Since HBVE is photoreactive, it is expected to receive enthalpy contributed by polymerization of HBVE double bonds in addition to vinyl-PCL double bonds. Figure 8 shows a typical exothermic plot of this system. Sharper peak is obtained as compared to DMSO system, indicating higher reactivity of the photopolymerization system. High reactivity of the system is further presented by the lower induction time and higher rate coefficients (k), as compared to DMSO system in Table 4 . It is expected since both double bonds from HBVE monomers and vinyl-PCL were participating in photopolymerization.
The kinetic results of vinyl-PCL in HBVE solution is compared with neat resin system in HBVE solution initiated by the same initiator, as shown in Table 5 . Average enthalpy of vinyl-PCL is higher than the neat resin system. It is expected that the difference in enthalpy is contributed when vinyl-PCL photopolymerized. However, the difference is too small to be conclusive. Therefore it cannot be concluded here from results in Table 5 that the double bonds in vinyl-PCL were photopolymerized successfully. 
Conclusions
Our preliminary results have proved that cationic photopolymerization is capable of curing vinyl ether functionalized precursor oligomers with high conversion in DMSO solution. One-step synthesis and functionalization is established by using hydroxyl butyl vinyl ether as initiator and photocurable functional group. The presence of CH 2 =CH peak in FTIR spectra confirmed that vinyl end groups were successfully attached to PCL macromolecule. Photopolymerization kinetics of vinyl-PCL was studied in both DMSO and HBVE solution. Photocuring of the vinyl-PCL in DMSO in presence of cationic photoinitiator (Cyracure ® UVI 6976) yield polymerization enthalpy of 17-22 J/g. The activation energy was calculated to be 11.33 kJ/mol, by assuming the cationic system followed autocatalytic model. In HBVE solution, it cannot be concluded that vinyl-PCL contributed to the resulted polymerization enthalpy, in the comparison to neat resin system. This is mainly due to the fact that the enthalpy contribution of vinyl-PCL is too small compare to HBVE. 
